effects on the three major signaling pathways of the UPR. Particularly, it induces GRP78/94 through PKR-like ER kinase but has no influence on activating transcription factor 6 or X box-binding protein 1. Taken together, our findings suggest that SARS-CoV S protein specifically modulates the UPR to facilitate viral replication.
Severe acute respiratory syndrome (SARS) is a highly lethal infectious disease in human caused by a newly recognized coronavirus termed SARS coronavirus (SARS-CoV) (42) , close relatives of which have recently been found in various species of bats (24, 29) . Like other coronaviruses, SARS-CoV is an enveloped and positive-stranded RNA virus that has a large genome of ϳ30 kb. It replicates in the cytoplasm, and its life cycle is closely associated with the endoplasmic reticulum (ER). The viral activities have a profound impact on ER function (30, 37) . Particularly, SARS-CoV hijacks the ER to process its structural and nonstructural proteins (22, 55) .
In eukaryotes, the ER is the processing factory for proteins destined for secretion or membrane insertion (43) . During the replication of SARS-CoV, substantial amounts of viral proteins are produced. Some of them, such as the spike (S) and matrix (M) proteins, are heavily modified transmembrane proteins (22, 55) . This raises the possibility that the accumulation of nascent and unfolded SARS-CoV proteins in the lumen of ER might rapidly exceed its folding capacity, thereby perturbing the normal cellular function of ER.
Perturbation of ER function causes stress. ER stress activates multiple cell-signaling pathways to regulate gene expression at both transcriptional and translational levels. These pathways, collectively termed the unfolded protein response (UPR), adjust the biosynthetic burden and capacity of the ER to maintain homeostasis (43) . When the damage to the ER is severe or persistent, the UPR triggers apoptosis (5, 58) . To date, three key proximal sensors of the UPR, namely, activating transcription factor 6 (ATF6), inositol-requiring enzyme 1 (IRE1), and PKR-like ER kinase (PERK), have been identified. All three are ER-resident transmembrane proteins, and they govern three branches of the UPR signaling that activate different subsets of genes encoding ER chaperones, folding enzymes, and other proteins required for protein folding, maturation, and degradation (43) .
The effects of the UPR could either be beneficial or detrimental to viral infection. For instance, protein chaperones produced in response to ER stress enhance the folding of viral proteins, but elevated expression of protein degradation factors could lead to inactivation of these proteins. To survive ER stress, viruses have developed different strategies to modulate the UPR (7, 12, 45, 46, 54, 57, 59) . For one example, infection with hepatitis C virus (HCV) has dual effects on the UPR. On one hand, the expression of E2, core, and NS5A proteins activates the promoter of glucose-regulated protein 78 (GRP78) and GRP94 through PERK and ATF6 (3, 6, 31, 41, 47) . Thus, the folding of viral proteins could be stimulated. On the other hand, the IRE1-X box-binding protein 1 (XBP1) pathway of the UPR, which governs protein refolding and degradation, is suppressed by HCV (48) . Hence, HCV proteins would not be inactivated through this pathway (49) . Likewise, human cytomegalovirus (CMV) activates PERK, IRE1, and XBP1 but suppresses ATF6 and a protein degradation factor known as ER degradation-enhancing ␣-mannosidase I-like protein (17, 50) . In another example, a cytopathic strain of bovine viral diarrhea virus activates PERK and induces apoptosis through the UPR (21) . Therefore, different viruses differentially regulate the UPR for their own benefits (15) . However, whether and how coronaviruses impact the UPR in infected cells are not understood.
To shed light on the molecular and cellular basis of SARS-CoV pathogenesis, we set out to study the influence of SARS-CoV on ER stress and the UPR. In the present study, we demonstrated the general effect of SARS-CoV infection on ER stress and the modulation of the UPR by SARS-CoV S protein. We first examined the impact of infection with SARS-CoV on the expression of ER chaperones GRP78 and GRP94. Next we compared the regulatory roles of several SARS-CoV proteins in the transcriptional activation of the UPR effectors and identified S protein to be a critical modulator of the UPR. Lastly, we characterized the differential modulatory activity of S for three branches of the UPR signaling. Our findings have implications in the pathogenesis of SARS and the development of antivirals against SARS-CoV.
MATERIALS AND METHODS
Virus and cells. The GZ50 strain of SARS-CoV was propagated in FRhK-4 or Vero cells in a biosafety level 3 laboratory as described previously (42) . FRhK-4 cells infected with SARS-CoV were harvested to 1ϫ sodium dodecyl sulfate (SDS) gel loading buffer (50 mM Tris-Cl [pH 6.8], 2% SDS, 10% glycerol, 1% ␤-mercaptoethanol, and 0.02% bromophenol blue) at 24 h postinfection (hpi). 293FT cells stably expressing simian virus 40 large T antigen and all other cell lines were grown in Dulbecco's modified Eagle medium containing 10% fetal bovine serum, 100 U/ml penicillin G, and 100 mg/ml streptomycin. Cells were maintained at 37°C in a humidified atmosphere supplied with 5% CO 2 . For reporter assays of infected cells, Vero cells were transfected with GRP94-Luc or GRP78-Luc 24 h before infection with SARS-CoV. For inactivation of SARS-CoV, 2-ml aliquots of virus were exposed to UVC irradiation (254 nm) for 15 min as described elsewhere (11) .
Plasmids and primers. Expression plasmids for eIF2␣ dominant active (DA) and dominant negative (DN) mutants S51D and S51A (39) were kindly provided by David Ron. Human PERK and its DN mutant K621M (34) were a generous gift from Ronald Wek. pCHOP-Luc reporter plasmid containing Ϫ644 to ϩ91 of human C/EBP homologous protein (CHOP) promoter was from Nai Sum Wong (23) . pGRP78-Luc and pGRP94-Luc reporter constructs (60) were supplied by Kazutoshi Mori. pGRP78-Luc contains Ϫ304 to ϩ34 of human GRP78 promoter, and pGRP94-Luc carries a promoter fragment corresponding to Ϫ363 to ϩ34 of human GRP94 gene. Both promoters have multiple copies of the ER stress response element (60) . In addition, the GRP78 promoter harbors a functional ATF/CRE site (33) . pUPRE-Luc and pGal-Luc reporter plasmids and expression vector for Gal-ATF6 have been described elsewhere (8, 27) .
cDNAs encoding SARS-CoV S, E, M, and NSP6 proteins were PCR amplified from molecular clones of the SARS-CoV subgenome (37) . The primers used for amplification of the S gene were 5Ј-CAACAGAGTTGTGGTTTCAAGT-3Ј and 5Ј-CGCCAATAACAAGCCATCCGAAAG-3Ј. The resulting PCR fragment was subcloned into pGEM-T Easy vector (Promega). To express V5-tagged S protein, another set of primers (5Ј-CACCATGTTTATTTTCTTATTATTTCT TAC-3Ј and 5Ј-TGTGTAATGTAATTTGACACCCTT-3Ј) was used and the fragment was subcloned into pLenti-Topo vector (Invitrogen). To subclone E/M/ NSP6 genes into pLenti vector, the following sets of primers were employed: for amplification of E, 5Ј-GCGGATCCACCATGTACTCATTCGTTTCGGAAGA AAC-3Ј and 5Ј-CCGCTCGAGCCGACCAGAAGATCAGGAACTCC-3Ј; for amplification of M, 5Ј-GCGGATCCACCATGGCAGACAACGGTACTATT A-3Ј and 5Ј-CCGCTCGAGCCCTGTACTAGCAAAGCAATATTGTC-3Ј; and for amplification of NSP6, 5Ј-GCGGATCCACCATGGGTAAGTTCAAGAAA ATTGTTAAGG-3Ј and 5Ј-CCGCTCGAGCCCTGTACAGTAGCAACCTTG ATA-3Ј. The V5 tag is at the C terminus of the S, E, M, and NSP6 proteins.
Primers 5Ј-GTTGAGAACCAGGAGTTAAGACAG-3Ј and 5Ј-CAGAGGG TATCTCTAAGACTAGGG-3Ј were used to amplify both unspliced and spliced XBP1 transcripts. Primers 5Ј-GCAGGGGGGAGCCAAAAGGG-3Ј and 5Ј-TG CCAGCCCCAGCGTCAAAG-3Ј were used for amplification of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA.
Antibodies. Rabbit polyclonal anti-V5, mouse monoclonal anti-␣-tubulin, and mouse monoclonal anti-␤-actin were from Sigma. Rat monoclonal anti-GRP94 and mouse monoclonal anticalnexin were from Affinity Bioreagents. Rabbit polyclonal antiserum against SARS-CoV S protein was from Imgenex. Rabbit polyclonal antiserum against total eIF2␣ was from Santa-Cruz Biotechnology. Rabbit polyclonal antiserum against eIF2␣ phosphorylated on serine 51 was from Cell Signaling Technology.
Luciferase reporter assays. Dual luciferase reporter assays were performed using a reagent kit from Promega as described previously (8, 44) . Luminescence was measured with an LB9570 luminometer (EG&G). Relative luciferase activity (RLA) was calculated by normalizing readouts of firefly luciferase to those of Renilla luciferase expressed from a control plasmid (pRLSV40 from Promega) cotransfected into the cells.
Western blotting. Western blot analysis was carried out as described previously (10, 20) . Briefly, cells were lysed in radioimmunoprecipitation buffer (50 mM Tris-Cl [pH 7.4], 150 mM NaCl, 1% Triton X-100, 0.1% SDS, and 1% sodium deoxycholate) supplemented with 2 mM phenylmethylsulfonyl fluoride and other protease inhibitors (Complete protease inhibitor cocktail from Roche). Equal amounts of protein were separated by SDS-polyacrylamide gel electrophoresis. Proteins were transferred to Immobilon-P membranes (Millipore). Blots were blocked with 5% nonfat milk diluted in Tris-buffered saline (pH 7.6) containing 0.5% Tween 20 (TBS-T), followed by incubation with primary antibodies. After TBS-T washes, blots were further incubated with the appropriate secondary antibodies conjugated with horseradish peroxidase (Amersham). Proteins were visualized using chemiluminescence detection kits from Amersham.
Confocal immunofluorescence microscopy. Confocal microscopy was performed as previously described (9, 38, 62) . Briefly, transfected cells were fixed in ice-cold acetone-methanol (1:1) for 10 min. Cells were washed with phosphatebuffered saline (PBS) (pH 7.4) and blocked with 3% bovine serum albumin in PBS. The cells were then incubated with the appropriate antibodies. The coverslips containing cells were mounted on a glass slide using Mowiol prepared in glycerol-PBS. Confocal immunofluorescence microscopy was then performed on a Bio-Rad MRC1024 system, and the images were captured with the help of the LaserSharp software.
RESULTS

Infection with SARS-CoV induces ER stress.
HCV and several other viruses induce ER stress and the UPR in infected cells (15, 49) . To investigate whether infection with SARS-CoV might also have an impact on ER stress, we used commercial antibodies for GRP94 and GRP78 to determine whether their expression is induced in SARS-CoV-infected FRhK4 cells. GRP94 and GRP78 are molecular chaperones and sensitive markers of ER stress (43) . Among several commercial antibodies we used, only one could react specifically and reproducibly with a discrete protein band of GRP94 in the infected cells. Using this antibody, we detected a 4.8-fold increase in the steady-state level of GRP94 in SARS-CoV-infected cells (Fig. 1A ; lane 2 compared to lane 1). This finding is generally consistent with results from global proteomic analysis of SARS-CoV-infected cells, in which GRP94 and GRP78 have been found to be overexpressed (19) .
To further analyze the influence of SARS-CoV infection on transcriptional activation of GRP94 and GRP78 genes, we transfected luciferase reporter constructs driven by GRP94/78 promoters (60) into Vero cells before infection with SARS-CoV. We then harvested cells at 12 to 48 hpi for measurement of RLA. Progressively increased RLA values in SARS-CoVinfected cells indicated the activation of GRP94/78 promoters ( Fig. 1B and C, white columns 2 to 5 compared to white column 1). In contrast, the RLA values remained constant in cells incubated with SARS-CoV inactivated by UV irradiation (UVC for 15 min; Fig. 1B and C, black columns 1 to 5). Thus, infection with SARS-CoV induces ER stress through transcriptional activation of GRP78/94. ER stress is induced by SARS-CoV S protein. SARS-CoV encodes several transmembrane proteins that are synthesized and likely accumulate in the ER (22, 55) . To investigate whether these proteins might perturb the function of ER leading to the UPR, we expressed SARS-CoV S, E, M, and NSP6 proteins in 293FT cells. All four proteins have at least one transmembrane domain and are abundantly expressed in infected cells (37) . We observed that among the four, only S activated transcription from GRP94/78 promoters to approximately fivefold ( Fig. 2A and B , column 3 compared to columns 1 and 2). In the same experiment, treatment with thapsigargin (Tg) and tunicamycin (Tu), two well-known stimuli of ER stress, led to approximately 10-to 30-fold activation of luciferase expression ( Fig. 2A and B , columns 8 and 9 compared to column 7). In contrast, none of the other three proteins sig-nificantly stimulated GRP94/78 promoters ( Fig. 2A and B , columns 4 to 6 compared to columns 1 and 2). The activation of GRP94 expression was also confirmed by Western blotting, which shows a 2.4-fold increase of GRP94 protein level in S-expressing cells as normalized to the level of ␣-tubulin ( Fig.  2A, inset) . In addition, S could modestly stimulate transcription from the promoter of CHOP (Fig. 2C , columns 2 to 5 compared to columns 1 and 6 to 9), a major component of the ER stress-induced apoptosis pathway (23, 35, 40) , whereas it did not significantly affect translation of ATF4 (Fig. 2D ). The activation of ATF4 translation involving upstream open reading frames in the 5Ј untranslated region represents one major mechanism by which cells respond to ER stress (32, 52) . In our experiment, we observed that ATF4 translation was slightly increased only when S was most abundantly expressed in cells ( Fig. 2D, column 5) .
The expression of S and other SARS-CoV proteins (E, M, and NSP6) was verified by Western blotting and confocal immunofluorescence microscopy (Fig. 3) . In particular, S protein was effectively expressed, although the relative abundance of S in the transiently transfected cells was lower than in SARS-CoV-infected cells (Fig. 3A , column 3 compared to column 5). While a fluorescent signal above the background level was detected in the whole cell expressing S, a significant amount of S protein was found to accumulate in the ER, as demonstrated by substantial colocalization with ER markers GRP94 and calnexin (Fig. 3B, panels 3 and 6 ). In addition, E, M, and NSP6 proteins were also efficiently expressed in cultured cells ( Fig.  3C and D) . Consistent with a previous report on M protein (28), we found that both M and NSP6 proteins were aggregated and could not be detected in the protein blot after boiling of the samples (Fig. 3C ; compare lane 5 to lane 4 and lane 7 to lane 6).
Taken together, our results suggest that differential activa-tion of the UPR by SARS-CoV is mediated at least in part through S protein.
Differential regulation of the UPR pathways by SARS-CoV S protein. ER stress induces three major pathways of the UPR signaling that are mediated through PERK kinase, IRE1, and ATF6, respectively (43) . The phosphorylation of translation initiation factor eIF2␣ by PERK in response to ER stress shuts off general translation of cellular proteins but stimulates the expression of molecular chaperones (33) and viral proteins (15) . For example, Sindbis virus subgenomic 26S mRNA is translated efficiently in the presence of phosphorylated eIF2␣ (53) and Semliki Forest virus has a translation enhancer element that counteracts the translational repression induced by eIF2␣ phosphorylation (36) .
GRP94/78 promoters have been shown to be upregulated in response to PERK activation and eIF2␣ phosphorylation (2, 33) . To investigate whether the activation of GRP94/78 promoters by SARS-CoV S protein might be mediated through PERK and eIF2␣ phosphorylation, we employed expression plasmids for PERK, eIF2␣, and their DN or DA mutants. Because DN forms of PERK and eIF2␣ constitutively inhibit phosphorylation of eIF2␣ (34, 39) , the activation of GRP94/78 by S would be compromised if PERK and eIF2␣ were crucially involved. Indeed, PERK DN and eIF2␣ DN effectively blocked basal and S protein-induced activation of GRP94/78 promoters ( Fig. 4A to D, columns 3 and 4 compared to columns 1 and 2), whereas PERK wild-type and eIF2␣ DA stimulated these promoters ( Fig. 4A to D, columns 5 and 6 compared to columns 1 and 2). Hence, PERK activity and eIF2␣ phosphorylation are required for the activation of ER stress by S protein.
To verify directly the phosphorylation of eIF2␣ in S-expressing and SARS-CoV-infected cells, we determined the steadystate amounts of phosphorylated eIF2␣ and total eIF2␣ by Western blotting with specific antibodies (Fig. 4E ). Infection In line with this, the expression of S alone sufficiently induced a 4.3-fold increase in the level of phosphorylated eIF2␣ (Fig. 4E ; compare lane 6 to lane 5). The other two major regulators of the UPR signaling are IRE1 and ATF6, the activation of which leads to reprogramming of the cell and induction of ER-associated degradation (5, 43, 58) . To assess the influence of S protein on the IRE1 pathway, we utilized a luciferase reporter construct driven by the UPR element (UPRE), which was thought to be recognized by IRE1 effector XBP1 and other bZIP transcription factors likely involved in ER stress (8, 27, 61) . The expression of S did not stimulate the UPRE-dependent transcriptional activity over a wide range of doses but had weak stimulatory effect at the highest concentration ( Fig. 5A, columns 1 to 6) .
To determine whether S protein activates IRE1, leading to unconventional splicing of XBP1, we also performed reverse transcription-PCR to check for spliced XBP1 (Fig. 5B ). In this experiment we used as positive controls Tg and proteosome inhibitor MG132, both of which are known stimuli of XBP1 splicing (26) . While treatment with Tg or MG132 resulted in the production of a fast-migrating band corresponding to spliced XBP1 (Fig. 5B, lanes 3, 4, and 10 ), the expression of S in 293FT and FRhK4 cells had no influence on the activation of IRE1 and XBP1 (Fig. 5B ; lane 6 compared to lane 5 and lane 8 compared to lane 7) . Notably, in these same cells and under the same conditions, S was able to activate transcription from GRP78/94 promoters ( Fig. 2 and data not shown) . To our surprise, a weak band of spliced XBP1 was also detectable in cells infected with SARS-CoV (Fig. 5B ; lane 2 compared to lane 1). Thus, infection with SARS-CoV probably induces IRE1 and XBP1 activation at a low level through an unknown but S-independent mechanism.
Next we asked whether S might activate ATF6 by use of a Gal-ATF6 fusion protein. This protein is ambiently tethered to the ER through the transmembrane domain of ATF6. Activation and subsequent nuclear translocation of this fusion protein lead to stimulation of reporter expression driven by Gal4binding sites (27) . As such, we observed that Tg and Tu induced activation of Gal-ATF6 (Fig. 6 ). In contrast, escalating amounts of S had no influence on Gal-ATF6 activity (Fig. 6 , columns 2 to 5 compared to columns 1, 7, and 8). Thus, SARS-CoV S protein specifically activated PERK but did not significantly affect IRE1/XBP1 or ATF6.
DISCUSSION
Here we demonstrated the induction of ER stress and the UPR by SARS-CoV infection through S protein ( Fig. 1 and  Fig. 2 ). Particularly, we showed that S protein modulated ER stress differentially by stimulating PERK but sparing the other two branches of the UPR signaling mediated through IRE1 and ATF6 ( Fig. 4 to 6) .
SARS-CoV is highly pathogenic, and its S protein is thought to play a pivotal role in viral pathogenesis (55) . In particular, S protein mediates receptor binding, induces membrane fusion, and elicits neutralizing immune response (14) . Our demonstration of the modulation of ER stress and the UPR by SARS-CoV S protein suggests a new role for this multifunctional 293FT cells were cotransfected with pCHOP-Luc and escalating amounts of pLenti-S. Cells were harvested for dual luciferase assay as described for panel A. A DA form of eIF2␣ was used as a positive control in this analysis, as were Tg (300 nM) and Tu (5 g/ml). Transcription from the CHOP promoter is significantly induced by eIF2␣ DA, Tg, and Tu. (D) SARS-CoV S protein does not significantly affect ATF4 translation. 293FT cells were cotransfected with pATF4-UTR-Luc and escalating amounts of pLenti-S. Cells were harvested for dual luciferase assay as described for panel A. Tg (300 nM) and Tu (5 g/ml) were used as positive controls in this analysis. pATF4-UTR-Luc contains the 5Ј UTR of human ATF4 fused to the coding region of firefly luciferase. This construct is similar to those described for mouse ATF4 (32, 52) .
protein after viral entry. This modulation of the UPR likely represents a viral strategy to combat cellular response and to facilitate viral replication. The effect of S on the UPR was shown mainly in the transcriptional activation of intraluminal ER chaperones GRP94/78 through PERK and eIF2␣ phosphorylation ( Fig. 4) . Increased expression of these chaperones would enhance the folding and processing of SARS-CoV proteins that are abundantly expressed during viral replication. The induction of CHOP by S is milder (Fig. 2C ). In addition, S had little or no influence on ATF4 translation (Fig. 2D ), XBP1 splicing ( Fig. 5 ), or ATF6 nuclear translocation (Fig. 6) . Because CHOP is a major regulator of ER stress-associated (5, 40, 58) , activation of CHOP at an early stage of viral infection is undesirable. Hence, SARS-CoV benefits from selective modulation of these events by S protein.
We also found that infection with SARS-CoV led to a slight increase in the level of spliced XBP1 through an as-yet-unknown mechanism independent of S ( Fig. 5B ). Because XBP1 activation is a double-edged sword that promotes protein folding and apoptosis (43) , this low level of XBP1 activation might be required during the course of SARS-CoV infection to enhance protein folding while avoiding the deleterious effects of ER stress-induced apoptosis. Further experiments are re-quired to shed light on the significance of XBP1 activation in SARS-CoV biology as well as the viral protein(s) responsible for this activation.
Viral modulation of ER stress and the UPR signaling has just begun to be understood. Other viruses such as HCV and CMV modulate ER stress and the UPR by activating PERK and inhibiting XBP1 or ER degradation-enhancing ␣-mannosidase I-like protein (18, 48) . It is natural that different viruses adopt different strategies in their modulation of the UPR (15) . We showed that SARS-CoV S protein used a unique strategy to deal with ER stress by stimulating PERK but exerting no FIG. 4 . Activation of GRP94/GRP78 by SARS-CoV S protein requires PERK and eIF2␣ phosphorylation. 293FT cells were cotransfected with pGRP78/94-Luc and expression vectors for the indicated combinations of proteins. Cells were harvested for dual luciferase assay as described for Fig. 2 (A to D) . The steady-state levels of phosphorylated ( * ) and total (#) eIF2␣ in cells treated with DMSO (lanes 1 and 7) or Tg (300 nM; lanes 2 and 8), mock infected (lanes 3 and 9) or infected with SARS-CoV (lanes 4 and 10) , and transfected with pLenti-Topo empty vector alone (lanes 5 and 11) or with pLenti-S (lanes 6 and 12) were verified by Western blotting (E). Treatment with Tg was used as a positive control in this experiment. WT, wild type. effect on IRE1 or ATF6 ( Fig. 4 to 6) . Consistent with this, infection with SARS-CoV does not induce apoptosis in at least some cells or at an early stage of infection (25) . It remains to be elucidated whether S protein from other coronaviruses might also exhibit similar modulatory activity on ER stress. Since the S protein of coronavirus NL63 (13, 51) uses the same angiotensin-converting enzyme 2 receptor as SARS-CoV (16), it will be of particularly great interest to see whether it also modulates ER stress and the UPR. Currently we are in the process of comparing in detail the ER stress-modulatory activities of S proteins from SARS-CoV, coronavirus NL63 (13, 51) , coronavirus HKU1 (56), and coronavirus 229E.
Induction of ER stress by S protein has a significant impact on cell homeostasis and may contribute to viral pathogenesis. For example, the UPR is activated in response to the release of ER calcium as induced by drugs such as Tg (43) . On the other hand, the disruption of calcium homeostasis is a feature of viral enterotoxin exemplified by rotavirus NSP4 (1) . Because SARS-CoV also replicates commonly in small and large intestines, leading to diarrhea (55), it will be of particularly great interest to see whether SARS-CoV proteins might sufficiently induce calcium release from ER and cause diarrhea by acting as an NSP4-like viral enterotoxin. In another perspective, a recent study has revealed a link between ER stress and systemic inflammatory response (61) . This induction of acute phase response genes by ER stress is mediated by regulated cleavage of CREB-H transcription factor (8) and probably other transmembrane bZIP factors such as LZIP/CREB3 in the same protein subfamily (20) . These consequences of ER stress and the UPR could be relevant to the pathogenesis of SARS.
Modulation of ER stress and the UPR by SARS-CoV reveals a novel opportunity for pharmaceutical intervention of SARS. Due to the importance of ER stress in various human diseases, including viral infection, small molecules that specifically counteract ER stress have been under intense investigation (5) . In this regard, one selective inhibitor of eIF2␣ dephosphorylation has recently been found to be effective for the inhibition of herpes simplex virus replication (4) . Additionally, drugs that modulate ER stress have also been shown to inhibit the production of infectious CMV virions (18) . Because antivirals highly effective for the treatment of SARS have not been identified (55) , further investigations on the use of various ER FIG. 5. SARS-CoV S protein does not stimulate UPRE or XBP1 splicing. (A) 293FT cells were cotransfected with pUPRE-Luc and escalating amounts of pLenti-S. In the control group, an expression plasmid for a constitutively active version of ATF6 containing 1 to 373 amino acids was cotransfected. Cells were harvested for dual luciferase assay as described for Fig. 2. ATF6 (1-373) is known to stimulate UPRE, as reported previously (8) . (B) 293FT and FRhK4 cells were mock infected (lane 1), infected with SARS-CoV (lane 2), transfected with pLenti-Topo empty vector (vec; lanes 5 and 7), transfected with pLenti-S plasmid (lanes 6 and 8), or treated with MG132 (lane 3), Tg (lanes 4 and 10), or DMSO (lane 9) for 8 h. Unspliced (u) and spliced (s) forms of XBP1 transcript were examined by reverse transcription-PCR as described previously (26) . GAPDH mRNA (G) was also detected as a positive control.
FIG. 6. SARS-CoV S protein does not stimulate ATF6-dependent transcriptional activity. 293FT cells were cotransfected with pGal-Luc, pGal-ATF6, and escalating amounts of pLenti-S. Cells were harvested for dual luciferase assay as described for Fig. 2 . Tg (300 nM) and Tu (5 g/ml) were used as positive controls in this analysis. stress-modulating pharmaceutical agents for anti-SARS-CoV therapy are warranted.
